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CHAPTER 1 
 
 INTRODUCTION 
 
 GaN-based high electron mobility transistors (HEMTs) have gained popularity in high-
frequency, high-power electronics owing to the high breakdown voltage and high mobility of 
GaN. The reliability of GaN-based devices is still an issue, and a lot of research is under way in 
order to bring GaN to parity with SiC in high-power application areas. In this work, we study the 
various reliability issues of GaN/AlGaN HEMTs that were fabricated under different conditions 
using molecular beam epitaxy (MBE) and metallorganic chemical vapor deposition (MOCVD). 
We propose physics-based models to predict the reliability of GaN HEMTs, and extrapolate the 
techniques used to other semiconductor material systems. First, the devices are characterized 
electrically and then subjected to stress – DC and RF electrical stress and exposure to radiation. 
The defects that cause stress-induced degradation are identified using density functional theory 
calculations. The generation rate of these defects are helpful in order to predict the failure rate of 
these devices during their operation. 
  
1.1 Reliability issues for GaN HEMTs 
 Despite impressive performance of GaN HEMTs in high power applications, the 
reliability of these devices impedes their deployment in the field. Hot electron-induced 
degradation in peak transconductance and saturation current may occur during operation under 
high electric fields. During operation under high-current conditions, self-heating of these devices 
dominates, leading to negative output conductance. Self-heating occurs due to the low thermal 
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conductivity of the substrate on which the devices are grown. Electrical stress may also cause the 
degradation of RF performance of the devices, by means of degradation in the unity gain 
frequency, fT. The power added efficiency (PAE) and the gain of the transistors may also degrade 
during the long term operation of the HEMTs. Recently, it has been shown that RF stress is more 
severe than DC stress at the same bias point. At high power levels, RF stress creates new traps 
and causes an increase in source resistance, whereas DC stress causes drain current degradation 
under similar conditions [1]. A new degradation mechanism is shown in [2] through step-
stressing the devices. The degradation is brought about by crystallographic defect formation due 
to inverse piezoelectric effects. On the other hand, GaN-based transistors are relatively immune 
to radiation damage, as opposed to Si-based devices, due to the relatively large band gap of GaN 
and the reduced probability of current transport via trapping and other defects.  
 
1.2 Overview of dissertation 
 The PhD thesis examines the major reliability issues in GaN/AlGaN high electron 
mobility transistors, and identifies the defects responsible for their degradation. The techniques 
used in identification of the defects are not restricted to GaN-based systems, and can be used in 
any semiconductor material.  
 We subjected HEMTs grown by MOCVD and MBE under Ga-rich, N-rich, and NH3-rich 
conditions to hot electron stress (DC stress, under high field conditions) and found that while Ga-
rich and N-rich devices show a positive shift in pinch-off voltage after stress, ammonia-rich 
MBE-grown and MOCVD-grown devices undergo a negative shift. The dehydrogenation of 
hydrogenated Ga-vacancies is responsible for the positive shift in pinch-off voltage and the 
dehydrogenation of hydrogenated N-anti-sites is responsible for the negative shift. Since 
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MOCVD requires the presence of ammonia, similar defects are seen in NH3-rich MBE-grown 
and MOCVD-grown devices. RF stress performed on Ga-rich, N-rich, and NH3-rich MBE-grown 
devices do not cause a substantial shift in DC or RF characteristics of these devices. The 
presence of a change in charge state of a defect near the Fermi level in the material accounts for 
a trap energy level which can contribute to the 1/f noise in a device. Ga-vacancies do not show a 
change in charge state around the Fermi level in GaN or AlGaN. However, N-antisites, Ga-N-
divacancies and C substitutional impurities in an N-site show a change in charge state around the 
Fermi level in GaN and AlGaN, thus serving as defects which contribute to the noise. Low 
frequency 1/f noise measurements across a wide range of temperature give us the energy 
distribution of the thermally-assisted process causing the noise. We obtain a peak in the energy 
spectrum at 0.2 eV for all device types, which corresponds to the reconfiguration of an oxygen 
DX center in AlGaN. A second peak is observed in N-rich MBE-grown devices above 1 eV, 
which corresponds to the reconfiguration of a nitrogen antisite. While irradiating the devices 
with 1.8 MeV protons, all device types show a positive shift in pinch-off voltage. Ga-rich 
devices show a larger shift in pinch-off voltage than N-rich and NH3-rich devices. Ga-N-
divacancies created by proton-induced displacement damage are defects responsible for the 
increase in 1/f noise after irradiation.  
 In the remainder of this document, we discuss these findings in detail. Chapter II gives 
the background of this work, by describing the fabrication processes for the devices used in this 
study. This is important because we have chosen four different kinds of devices for our study, 
based on their processing. Chapter III shows the DC characteristics and RF performance 
parameters of the different kinds of MBE-grown devices used for all the experimental work.  
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We have performed DC stress on the HEMTs, and explained the shift in DC 
characteristics observed using density functional theory calculations, as detailed in Chapter IV. 
Chapter V shows the RF stress results on MBE-grown HEMTs. In Chapter VI, low frequency 1/f 
noise measurements at room temperature are shown, and the change in noise following stress is 
described. Again, DFT calculations are used to identify defects limiting the reliability of the 
HEMTs.  
 In Chapter VII, we discuss the noise spectroscopy of GaN HEMTs, and identify defects 
which contribute to noise. Defect energy distributions are obtained from the noise measurements 
done over the temperature range from 85 K to 450 K. We also show noise measurement results 
under both low current and high current conditions. The effect of DC stress on the defect energy 
distributions is also shown. 
 In Chapter VIII, we discuss the 1.8 MeV-proton-induced degradation of GaN HEMTs 
grown using MBE and MOCVD. The defects created by protons are discussed, and the 
differences in the nature of degradation induced by protons and hot electrons are illustrated. 
 Chapter IX concludes the dissertation, outlining the essential contributions of this work to 
the existing literature. 
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CHAPTER 2 
 
BACKGROUND 
 
GaN HEMTs are grown by metal organic chemical vapor deposition (MOCVD) and 
molecular beam epitaxy (MBE) techniques. In this chapter, the growth techniques are discussed 
in order to understand the differences in the fabricated samples that were used in the experiments 
reported here, and also to compare the techniques in terms of reliability.  
 
2.1 Growth techniques for GaN HEMTs 
 Fig. 2.1 shows the structure of a typical GaN/AlGaN HEMT. The GaN and AlGaN layers 
are either deposited (MOCVD) or grown epitaxially (MBE). Epitaxy is a core process for the 
production of III-N devices. Here we review growth by MOCVD and MBE. In general, MOCVD 
growth of GaN is performed at much higher temperatures (>1000 0C) than MBE growth, which 
is typically performed at temperatures of about 700 0C. MBE growth enables the growth of 
precise interfaces, which improve transport properties.  
 
Fig. 2.1. Typical GaN/AlGaN HEMT structure 
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2.1.1 Surface preparation 
Specific surface preparation methods have been developed to improve the surface 
roughness prior to epitaxial deposition. These procedures also assure that the reactor spaces are 
not contaminated by extrinsic pollution. Standard surface-polishing techniques are based on 
plastic deformation by an abrasive, such as diamond. The electrochemical-mechanical polishing 
(ECMP) procedure improves the reproducibility of the epitaxial growth and is preferred to purely 
chemical-mechanical polishing (CMP), as the induced subsurface damage is reduced. A two-step 
ECMP process for SiC includes (a) a balance of anodic oxidation and oxide removal to obtain a 
defect-free surface of the substrate, and (b) a high temperature hydrogen etching process to 
further smooth the surface to atomic levels [3]. An increased defect concentration in the substrate 
leads to increased gate leakage [4].  
Further wafer preparation includes the deposition of a Ti layer on the backside of the 
transparent substrate prior to growth to provide effective heat transfer, typically for MBE growth 
only [5]. A sputtered Mo thermal contact is used in ammonia-MBE [6].  
There are various cleaning conditions and sequences with prebake and flush for moisture 
removal prior to growth. A potential reaction is the formation of H2O from a reaction of Al2O3 
and hydrogen. Incorporation  of oxygen, which serves as a shallow donor, is a major obstacle for 
producing semi-insulating GaN. The optimized cleaning procedure involves both the prebake in 
situ and no flush, and is critical in obtaining semi-insulating GaN buffers. 
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2.1.2 Metal-Organic Chemical Vapor Deposition 
 MOCVD is the name of the growth technique that involves a dynamic flow in which 
gaseous reactants pass over a heated substrate and react chemically to form a semiconductor 
layer. III-N MOCVD has a higher growth rate than MBE.  
 
Fig. 2.2. Schematic diagram of metal organic chemical vapor deposition (MOCVD) growth. 
 
 The precursors, TriMethyl-Gallium (TMGa) and TriMethyl-Aluminium (TMAl) react 
with ammonia (NH3) on the hot substrate surface to form semiconductor layers. Additional 
sources, such as nitrogen, silane (SiH4), disilane (Si2H6) and Bis(cyclopentadienyl) magnesium 
(Cp2Mg) sources are needed. The principal reaction to form GaN is: 
                              ))((3)()()( 4333 lvCHsGaNNHvCHGa                                         (2.1) 
 A similar reaction occurs for AlN(s) replacing Ga by Al. The chemistry is governed by 
strong reactions of the precursors at room temperature. Further, ammonia requires pyrolysis, 
which is not very efficient. Thus, high growth temperatures beyond 1000 0C are used along with 
high V/III ratios (>1000) and high gas velocities.  
 The complete range of solid solutions from GaN to pure AlN is available by MOCVD 
growth, which is one of the key advantages of the AlGaN/GaN system. Typical growth rates for 
GaN are ~ 2 µm/h. The aluminum mole fraction x in an AlxGa1-xN/GaN heterostructure is varied 
between 0 and 0.6. The defect density in the AlxGa1-xN layer on GaN increases significantly for x 
≥ 0.3, with the barrier thickness typically being 18 nm for HFETs. The mobility in GaN channels 
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along GaN/AlGaN interfaces decreases with decreasing barrier-layer thickness. Sheet carrier 
concentrations of 1.8 × 1013 cm-2 are reached for x = 0.44. The critical growth parameters are 
discussed below. 
 
i. Growth temperature 
 The growth temperatures determine the properties of the semiconductor layers. An AlN 
nucleation layer is grown at a temperature of 500-700 °C on sapphire substrates. A GaN 
nucleation layer is grown at 550 °C on sapphire. AlGaN nucleation layers have to be grown at a 
higher temperature (>1000 °C) on SiC or sapphire. The minimum Al content is 6% for SiC and 
15% for nucleation on sapphire. The subsequent growth of GaN buffer layers on the nucleation 
layer is performed at >1000 °C.  
The channel and barrier layers are grown at >1000 °C. The growth temperature is chosen 
accordingly for Al-, In-, and Ga-based binary and ternary semiconductors within the interlayer. 
Hot growth of the AlGaN layer is promising with respect to the output power considerations, 
while a termination of the growth in the cool-down using nitrogen is most suitable for 
AlGaN/GaN HEMTs grown on SiC.  
 
ii. MOCVD gas flow and Group V/III ratios 
 Nitrogen-rich growth is necessary for MOCVD in general because of the differences in 
chemical bindings and atomic weights of the constituent N and group III-elements. The absolute 
and relative gas pressures depend on the susceptor and reactor geometries. TMG flows of 32 
µmol/min and NH3 flows of 0.09 mol/min for N-rich growth are reported for GaN growth. The 
V/III ratio is 2775 [7].  
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iii. Growth pressure 
 Pressure determines the incorporation of the various constituents, including group V and 
group III materials, plus group IV dopants like Si and C. For a very low pressure of 40 Torr, the 
GaN layers are highly resistive and yield very low carrier mobility, nearly independent of the 
growth temperatures. At very high pressure of > 200 Torr, the resistive nature of GaN is lost. In 
an intermediate pressure range, both high mobility and high resistivity (i.e., low unintentional 
doping) can be obtained in GaN layers. Optimized growth pressures are 65-130 Torr [8]. The 
critical pressure, at which pressure pre-reactions occur, depends on the reactor geometry. The 
pressure dependence for the growth of AlGaN is modified by the Al mole fraction. The partial 
pressures of Al and Ga and their deviation from the equilibrium partial pressures influence the Al 
mole fraction, for a given V/III ratio and growth temperature. Thus, lower pressures than for 
optimized GaN layers are needed for good Al-incorporation in the AlGaN layers [9]. 
Al0.15Ga0.85N is formed at a medium growth pressure of 76 Torr, due to the tendency of TMAl to 
form adducts with ammonia [9,10]. At higher growth pressures, increased incorporation of 
unintentional doping such as Si and C takes place. 
 
iv. Crystal misorientation 
 GaN is grown on both on-axis and off-axis 6H-SiC substrates. MOCVD-grown GaN 
epitaxial layers show a good morphology for on-axis 4H-SiC and 6H-SiC [11], but the crack 
density increases with increasing misorientation [12]. This effect can be compensated by other 
parameters, such as growth temperature [11]. A slight misorientation of 3.5° compared to the on-
axis layer causes an increase in mobility and carrier reduction in Si-doped GaN films. Positron 
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annihilation spectroscopy shows that, with increasing misorientation on 4H-SiC, the 
concentration of nitrogen vacancies in GaN increases, while the number of shallow traps 
decreases [13]. This can potentially have an impact on device isolation in the buffer layer, if the 
misorientation is not controlled. The morphology of GaN grown on 4H-SiC (0001) with a strong 
misorientation of 8° is strongly affected by undulations, but this is not the case with 
misorientations ≤ 0.3°. Thus a controlled misorientation can be useful for the electronic device 
performance, if the growth parameters are properly matched.  
 
v. Nucleation layer 
 The conditions for the growth of the nucleation layer are critical for the defect 
concentration, residual conduction, and the distribution of defects and traps in all layers grown 
on top of it [10,11]. The nucleation layer depends naturally on the choice of the substrate. The 
grain orientation can be improved with increased nitridation temperature. Further, the quality of 
the epitaxial GaN is improved by increases in growth temperature and pressure.  
 
vi. Buffer isolation 
 The growth of the buffer layer in an AlGaN/GaN heterostructure is a trade-off between 
high isolation and surface morphology. Buffer isolation values range from 105 to 1011 Ω-cm 
[8,14,15].  
 
vii. Buffer layer thickness 
 Thin buffer layers promise reduced thermal impedance and low growth time, while the 
growth of thicker layers reduces the effects of threading dislocation density and residual strain 
11 
 
from the lattice mismatch [16]. Surface morphology improves for buffer layer thicknesses of 2-3 
µm [14]. Thicker buffer layers promise smoother growth fronts with improved interface 
roughness, reduced dislocation density, and further removal of the active region from the 
defective nucleation layer.  
 
viii. Co-doping of buffer layers 
 Unintentional co-doping is a major problem for non-optimized growth conditions. Co-
doping introduces unintentional background carrier concentration and thus persistent 
unintentional conductivity. N-vacancies and oxygen act as shallow donors [9]. Carbon is a 
contaminant in MOCVD reactors due to methyl precursors [17]. Mg and Fe are intentional 
dopants, which can be residual from reactor memory effects. Fe and C are used to control 
isolation in buffer layers by pinning the Fermi level in the buffer, and to overcome the need of a 
second heterojunction. Fe doping improves the stability of semi-insulating GaN layers, and 
reduces dispersion, especially drain-lag. At the same time, Fe doping does not modify the good 
structural quality of the layer. Thus, improved isolation is achieved without a high threading 
dislocation density (TDD). 
 Low pressure growth at 76 Torr, compared to 760 Torr, leads to increased carbon 
incorporation in the GaN layers at 1040 °C [18]. Carbon supplies both shallow and deep acceptor 
levels in n-type GaN. It contributes to the compensation of free carriers. C-doped samples are 
found to be highly resistive, while co-doping with both Si and C leads to highly compensated 
layers. This finding is of great importance, because C and O are typically present in all MOCVD 
reactor chambers. Higher growth temperatures of 1150 °C lead to reduced oxygen and carbon 
incorporation. Co-doping with indium suppresses the formation of native acceptor-like defects.  
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2.1.3 Molecular Beam Epitaxy 
 MBE is another attractive growth method for III-N semiconductors. The growth of 
semiconductors by MBE occurs via reactions between thermal-energy molecular, atomic, or 
ionized beams of the constituent elements on a heated substrate in an ultrahigh vacuum. The 
advantages of MBE lie in the precise definition of interfaces and the increased polarity of the 
interfaces. The disadvantage is the reduced growth rate relative to MOCVD growth. The growth 
rate of III-N MBE is 0.5-1 um/h [16].  
 
Fig. 2.3. Schematic illustration of molecular beam epitaxy (MBE) growth. 
 
 The molecular beams of Ga and Al originate from effusion cell sources. An elemental 
group-V N-source is not practical to develop due to the very high binding energy of the N2. N 
radicals are generated either by a RF-plasma source, or by an ammonia source. The background 
pressure amounts to ≤ 10-11 mbar during the MBE growth. The substrates are typically rotated 
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during the growth. The growth temperature is around 800 °C for GaN. AlN is typically used as a 
nucleation layer in MBE. The optimized conditions for MBE growth are described below. 
 
i. Growth temperature 
 The substrates are typically inserted into the growth chamber via a preparation chamber, 
before the actual growth procedure. The substrates are out-gassed in the preparation chamber. A 
typical substrate outgas temperature in the preparation chamber is 700 °C [19]. The temperature 
reaches 1000 °C for oxide removal. The nucleation temperature for AlN on sapphire substrate is 
~800 °C. The growth of the insulating GaN buffer layer on top of a nucleation layer is performed 
at 745 °C, for Ga-rich conditions [19,20]. The GaN channel layers are usually grown at 800 °C 
using atomic nitrogen [14]. The nominal growth temperatures for ammonia-rich MBE growth are 
910-920 °C for GaN and 880 °C for AlN [21,22]. 
  
ii. N-Group-III ratio for MBE growth 
 As in MOCVD growth, the V/III ratio is critical for MBE growth as well, but for a 
different reason. The V/III ratio determines the quality of the epitaxial layers. Three 
characteristic growth regimes are N-stable, intermediate, and Ga-droplet [23,24]. Within the Ga-
droplet regime, excess Ga accumulates on the surface during growth in the form of large 
droplets. Within the intermediate regime, excess Ga forms a steady-state adlayer of metallic Ga 
on the surface without the formation of Ga droplets. Films grown in the N-stable regime are Ga 
deficient so that the growth rate is limited by the available Ga flux. N-stable-grown GaN films 
are semi-insulating. GaN layers grown with ratios in the intermediate regime yield fewer pits 
with atomically flat surfaces. At high Ga/N-ratio, the mobility decreases significantly. The best 
14 
 
material is thus grown in the intermediate regime. The best combination of surface morphology 
and material quality is obtained by a modulated technique varying Ga-rich and Ga-lean growths 
alternately.  
For ammonia-MBE, carbon-doped insulating GaN MBE layers are grown on semi-
insulating SiC at a temperature of 910 °C. The growth rates reach 1-2 µm/h by adjusting the 
ammonia flow [22].  
 
iii. Nucleation layer growth by MBE 
 The nucleation layer is of very high importance on various substrates, since this region 
contributes to the quality of the MBE-grown active semiconductor layers, and thus to the device 
performance. A 100 nm-thick AlN nucleation layer is normally grown at a temperature of 835 °C 
[25]. 
 
iv. Growth and isolation of buffer 
 The lower growth rate of MBE compared to MOCVD favors a reduced layer thickness 
for MBE growth, especially that of the buffer layer. The buffer-substrate interface is susceptible 
to isolation issues due to the high concentration of defects. The carrier concentration increases 
near the interface but the mobility decreases. This behavior can be explained by both interface 
conduction and impurity band conduction. 
 
v. Co-doping in MBE material 
 Intentional co-doping is of great importance for the isolation of the nucleation and the 
buffer layers. Carbon and oxygen (unintentionally) are used for co-doping during MBE growth, 
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since Fe sources are unavailable. Carbon introduces a midgap state that helps to increase the 
isolation in the buffer layers. Unintentional incorporation of oxygen into GaN layers is a major 
problem in MBE growth. The background vacuum pressure, the nitrogen source, and the metal 
source are potentially sources of oxygen [26]. Ga-rich growth of AlGaN reduces the oxygen 
incorporation by a factor of three. Temperature reduction from 750 °C to 650 °C increases 
oxygen incorporation significantly. Intentional incorporation of oxygen is controllable and 
reproducible up to a doping level of 1018 cm-3. Oxygen is an effective donor with low 
compensation and its incorporation also depends on the growth polarity. Plasma-assisted 
MBE(PAMBE)-grown layers with N-polarity incorporate about 50 times as much oxygen as Ga-
face material [27].  
 
vi. Channel and barrier layers grown by MBE 
 The growth conditions for the GaN channel layers are of primary importance for the 
material quality. GaN channel layers are grown by PAMBE at 735 °C at a growth rate of 0.37 
µm/h in Ga-rich conditions [25]. The AlGaN barrier can be grown at the same temperature and at 
the same nitrogen flow as GaN. For ammonia-MBE growth on semi-insulating SiC, the GaN 
channel layers are typically grown at ~ 900 °C [28].  
 
vii. Dislocations in MBE material 
 The threading dislocation density (TDD) in MBE-grown layers can be reduced to 
densities similar to those achieved for MOCVD-grown materials. The TDD can be reduced to ≤ 
109 cm-2 on semi-insulating SiC, using PAMBE [29]. The leakage current has an exponential 
dependence on the threading dislocation density, suggesting either a trap-assisted tunneling or a 
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one-dimensional hopping mechanism [30,31]. Edge and mixed type dislocations have a negative 
charge, and have limited contribution to the leakage. Pure screw dislocations provide a 
conductive leakage path [32]. On resistive Si substrates, the TDD amounts to 5-7×109 cm-2 [33]. 
 
2.2. Summary 
In this chapter, we discussed the details of MOCVD and MBE processes for the growth 
of GaN. This is important to put into perspective why we use these devices for our reliability 
studies, which are discussed in the subsequent chapters. MOCVD growth allows high 
temperatures and gives a higher growth rate compared to MBE processes. But MBE allows 
precise interfaces and better transport properties compared to MOCVD growth. The three kinds 
of MBE-grown devices studied here are those grown under Ga-rich, N-rich, and NH3-rich 
conditions. While growth in Ga-rich conditions ensures lower surface roughness than N-rich 
growth, there typically is a lower threading dislocation density in N-rich growth [34,35]. 
Ammonia-MBE, where ammonia is used as the nitrogen source, is considered to be a promising 
alternative growth method. Ammonia-MBE has several advantages over PAMBE. It allows a 
larger growth window and a potentially higher growth rate. Higher temperatures (>750 °C) can 
be used, because of the metal-free surface, which may reduce defect densities in GaN buffer 
layers, improving two-dimensional electron gas (2DEG) mobilities [36,37]. MOCVD-growth 
occurs in the presence of ammonia, and hence the reliability of these devices may be compared 
to those grown using ammonia-rich MBE. 
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CHAPTER 3 
 
DC AND AC CHARACTERISTICS OF GaN HEMTs 
 
3.1 Introduction 
AlGaN/GaN HEMTs were obtained from the University of California, Santa Barbara. 
These devices were grown by molecular beam epitaxy under Ga-rich, N-rich, and NH3-rich 
conditions. Devices grown using metallorganic chemical vapor deposition were also provided. In 
this chapter, the DC, small signal and large signal characteristics of the MBE-grown HEMTs, 
which have been used for experiments in the remainder of the thesis, are shown.  
 
3.2 DC and AC characteristics of GaN HEMTs used in the thesis 
The epitaxial structures of the GaN HEMTs are shown in Fig. 3.1. The HEMTs are 150 
μm wide, with a gate length of 0.7 μm; LGD = 1.2 μm, LGS = 0.7 μm. The MOCVD-grown 
devices have an AlN interlayer between the AlGaN barrier and GaN bulk for improved electron 
confinement and higher electron mobility in the 2DEG.  
 
Fig. 3.1. Epitaxial structure of HEMTs. 
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 Figures 3.2-3.4 show the DC characteristic curves for typical Ga-rich, N-rich, and NH3-
rich devices. The Ga-rich devices show the highest saturation current, with IDmax being ~ 1200 
mA/mm. The gate leakage current is also minimum for Ga-rich devices. N-rich and NH3-rich 
devices show a high leakage current of ~ 1 mA/mm for VG = −5 V, and VD = 7 V. 
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Fig. 3.2. (a) ID-VD and (b) ID-VG and IG-VG curves for a Ga-rich HEMT. 
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Fig. 3.3.(a) ID-VD and (b) ID-VG and IG-VG curves for a N-rich HEMT. 
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Fig. 3.4.(a) ID-VD and (b) ID-VG and IG-VG curves for an NH3-rich HEMT. 
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 Figure 3.5(a)-(c) shows a comparison of DC transconductance with transconductance at 
10 GHz. The peak DC transconductance is ~ 200 mS/mm. The transconductance clearly drops 
off at high frequencies, due to trapping effects in these devices. A similar observation is made in 
[38] for devices with 55 nm gate length. The gm drop-off at high frequencies degrades the 
frequency performance of GaN devices, by causing fT to be lower than what intrinsic material 
properties predict [38]. 
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Fig. 3.5. Comparison of DC transconductance with transconductance at 10 GHz for (a) Ga-rich, 
(b) N-rich, and (c) NH3-rich HEMTs. 
 
 
 The small signal characteristics of the three kinds of MBE-grown HEMTs are shown in 
Figs. 3.6-3.8. The peak unity gain frequency fT is in the range of 15-20 GHz for the devices. If 
we consider that carriers are moving at saturation velocity, the cutoff frequency is given by: 
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L
vf sT 2                        (3.1) 
where vs = 2.5×107 cm/s, and L = 0.7 μm, the cutoff frequency is ~ 50 GHz. Thus, the values of 
fT obtained for our devices emphasize the presence of significant trapping phenomena, limiting 
the high-frequency performance of these devices. The maximum oscillation frequency, fMAX is in 
the range of 25-35 GHz. 
-4.2 -4.1 -4.0 -3.9 -3.8 -3.7 -3.6
16.0
16.5
17.0
 
f T 
(G
H
z)
VG (V)
 fT
30
32
34
 fM
A
X  (G
H
z)
 fMAX Ga-rich
 
Fig. 3.6. fT and fMAX vs. VG for a Ga-rich device. 
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Fig. 3.7. fT and fMAX vs. VG for an N-rich device. 
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Fig. 3.8. fT and fMAX vs. VG for an NH3-rich device. 
 
 In Fig. 3.9, the large signal performance of the GaN HEMTs is shown when operated as 
Class AB power amplifiers, using a load-pull measurement setup. The device is biased close to 
pinch-off in class AB mode, so that the device operates as an amplifier for half of the cycle and 
remains cut-off for the other half. This condition is of interest to us since hot electron-induced 
degradation occurs under such bias conditions. The quiescent drain voltage was fixed at 20 V 
during the large signal measurements. The quiescent gate voltage was −4.5 V, −1.5 V and −0.6 V 
for Ga-rich, N-rich, and NH3-rich devices, respectively. The frequency is 10 GHz. The input 
power Pin was swept till a gain compression of 4.5 dB was observed in the output power Pout. 
The power added efficiency P.A.E. is <40% in all devices, indicating rf dispersion due to 
trapping. 
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Fig. 3.9. Load-pull measurements showing large signal performance of (a) Ga-rich, (b) N-rich, 
and (c) NH3-rich HEMTs when operated as class AB power amplifiers. 
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3.3 Summary 
 DC, small signal and large signal measurements were performed on GaN HEMTs grown 
using MBE under Ga-rich, N-rich, and NH3-rich conditions. The fT of these HEMTs is in the 
range of 20 GHz, which is less than the theoretical value. The peak transconductance drops off 
when the device is operated at high frequencies, indicating the presence of a large number of 
traps. Considerable rf dispersion is noticed through large signal measurements, since the power 
added efficiency is less than 40% for all kinds of devices, emphasizing the need for studying the 
reliability of these devices. 
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CHAPTER 4 
  
HOT ELECTRON-INDUCED DEGRADATION IN GaN HEMTs 
 
4.1 Introduction 
 The presence of native defects in GaN may cause drain current collapse – a decrease in 
the measured output power when the device is operated at microwave frequencies from the 
theoretical output power calculated using the ID,max and Vknee measured at DC, which is an 
impediment to the deployment of these devices in high-power, high-frequency applications [39]. 
Moreover, III-V HEMTs exhibit shifts in peak transconductance when devices are stored in an 
atmosphere containing substantial amounts of hydrogen gas [40]. In GaN-based structures, 
hydrogen accumulates in strained regions (e.g., near an interface) [41], and also interacts 
strongly with defects and impurities [42]. Atomic hydrogen readily permeates into GaN during 
the fabrication process, such as during boiling in solvents (including water), annealing in 
hydrogen or ammonia, and during wet etching in acid or base solutions. This naturally leads to 
hydrogenation of a significant number of defects in the devices. Previous investigations have not 
resolved the role of process-related defects in GaN/AlGaN reliability. Thus, it is important to 
determine the potential role of defects and hydrogen on the reliability of GaN/AlGaN HEMTs 
[43,44]. 
In this chapter, we report the effects of room-temperature electrical stress on AlGaN/GaN 
HEMTs grown under using MOCVD and MBE under Ga-rich, N-rich, and NH3-rich conditions. 
The stress-induced shift in Vpinch-off is negative for the devices grown using MOCVD and MBE 
under NH3-rich conditions, while it is positive for the N-rich and Ga-rich MBE-grown devices. 
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This qualitatively different behavior suggests that different kinds of defects are responsible for 
the degradation of devices grown in NH3-rich conditions compared to the other two conditions. 
We report density functional theory calculations of the formation energy of defects under 
specific growth conditions, showing the critical importance of hydrogen to the degradation 
process and device reliability. In particular, hydrogenated Ga vacancies and N anti-site defects 
play key roles, with the dominant defect type determined by the details of the processing 
conditions. [45-47] 
 
4.2 Experiments 
 The devices were all electrically stressed with a drain voltage of 20 V to keep the 
horizontal field along the channel the same for all cases. Each device was stressed at the same 
power dissipation level of 3.33 W/mm, so that the channel temperature remained the same for all 
the samples. The gate voltage during the stress was set near the pinch-off voltage, so the vertical 
field at the gate-drain edge of the channel was relatively high. The degradation under conditions 
of high electric field between the gate and the drain is caused by hot electrons [48]. 
 
4.3 Threshold voltage and peak gm shifts after stress 
 The DC transconductance before and after 8 h of stress is shown in Fig. 4.1 for all three 
device types at a drain voltage of 2 V. The peak transconductance shifts positively for the Ga-
rich and N-rich devices after stress, while the transconductance of the NH3-rich devices shifts 
negatively. Also, there is larger peak gm degradation for the N-rich devices compared to the other 
two kinds of devices.  
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Fig. 4.1 gm-VGS for the (a) Ga-rich, (b) N-rich, and (c) NH3-rich samples at VD = 2 V, before and 
after stress for 8 hours. Ga-rich device: Vpinch-off = −5.1 V, Vg stress = −4 V. N-rich device: Vpinch-off 
= −4.1 V, Vg stress = −3.6 V, NH3-rich device: Vpinch-off = −5 V, Vg stress = −4 V. Vg stress values were 
chosen such that power dissipation during stress was the same in all three cases, keeping thermal 
effects the same in all three sample types. [45] 
 
 
Fig. 4.2 shows the change in Vpinch-off with stress time for all three sample types. Vpinch-off 
shifts positively for the N-rich and Ga-rich samples, while it shifts negatively for the samples 
grown under NH3-rich conditions. This difference in the polarity of the shift strongly suggests 
that the nature of the traps created during stress is different in the NH3-rich devices than in the 
other two device types. The magnitude of the shift in the NH3-rich samples is greater than that of 
the other device types. Fig. 4.3 shows the shift in pinch-off voltage with stress time for devices 
grown using MOCVD. These are unpassivated devices. The shift in pinch-off voltage is 
negative, as in the ammonia-rich devices. As seen in Chapter II, ammonia is used in the 
MOCVD process. Thus, the negative shift in pinch-off voltage with stress in devices grown by 
ammonia-MBE and MOCVD strongly indicates that similar defects are created, which is 
facilitated by the presence of ammonia.  
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Fig. 4.2. Change in pinch-off voltage as a function of stress time, for MBE-grown GaN HEMTs. 
[45] 
 
 
 
 
Fig. 4.3. Change in pinch-off voltage as a function of stress time for MOCVD-grown GaN 
HEMTs. [46] 
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4.3 Point defects responsible for Vpinch-off shift 
Hydrogenated native defects have a lower formation energy compared to the 
dehydrogenated counterparts. Hydrogen is also easily present during the fabrication process. So, 
a significant number of the native defects are hydrogenated. Figs. 4.4-4.7 show density 
functional theory calculations for the formation energy of Ga vacancies and N anti-site defects in 
bulk GaN and Al0.3Ga0.7N as a function of the position of the Fermi level in the band gap of GaN 
and Al0.3Ga0.7N. The slopes of the lines represent the charge states of the defects. A change in 
slope, corresponding to the change in charge state, is the thermodynamic transition level of the 
defect. 
 
 
Fig. 4.4. Formation energy of hydrogenated Ga-vacancies in bulk GaN. [46] 
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Fig. 4.5. Formation energy of hydrogenated Ga-vacancies in Al0.3Ga0.7N. [47] 
 
Fig. 4.6. Formation energy of hydrogenated N-anti-sites in GaN bulk. [46] 
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Fig. 4.7. Formation energy of hydrogenated N-anti-sites in Al0.3Ga0.7N. [47] 
 
During stress, Ec – EF = ~ 1 eV in the AlGaN barrier (Fig. 4.8). Two-dimensional 
numerical simulations using the Synopsys DESSIS simulator show that the hot electrons have an 
average energy of 1.5 eV when the device is biased at VG = −5 V and VDS = 20 V. The high 
energy tail of this electron distribution lies at an energy of ~ 3 eV. The hot electrons can remove 
a hydrogen atom from a doubly hydrogenated Ga vacancy, which has a charge state of “−1”. The 
resultant singly hydrogenated Ga vacancy has a charge state of “−2”. The negative charge causes 
the pinch-off voltage to shift positively after stress. Moreover, because the singly-hydrogenated 
vacancy is doubly negatively charged, it naturally exhibits a larger Coulomb scattering tail than 
the doubly hydrogenated defect. This leads to reduced mobility, causing the peak gm to decrease, 
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as shown in Fig. 4.1. In ammonia-rich devices, a hot electron can knock off a hydrogen atom 
from a triply hydrogenated N-anti-site, which has a charge state of “−1”, to form a doubly 
hydrogenated complex having a charge state of “0”. This change in charge state from “−1” to “0” 
reduces the acceptor-like nature of the traps, shifting the pinch-off voltage negatively in 
ammonia-rich devices. Also, the charge state of the hydrogenated anti-site formed during 
electrical stress is lower than its initial charge state. The lower Coulomb scattering causes the 
peak gm degradation to be lower in the NH3-rich case compared to the N-rich case. 
 
 
 
Fig. 4.8. Energy band diagram showing Ec and Ef in the AlGaN barrier and the GaN bulk during 
stress conditions. [47] 
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4.4 Conclusion 
The nature of hot electron degradation in AlGaN/GaN HEMTs is different for samples 
grown under Ga-rich, N-rich, and NH3-rich conditions. The devices grown under Ga-rich 
conditions degrade the least after hot electron stress. The pinch-off voltages of devices grown in 
NH3-rich conditions shift more after stress than those of devices grown under N-rich and Ga-rich 
conditions. We have performed a theoretical analysis that shows that hydrogenated Ga-vacancies 
and hydrogenated N-anti-sites play key, process-dependent roles in determining the amount of 
hot electron degradation in AlGaN/GaN HEMTs. These experimental and theoretical results 
show that different defects are dominant in AlGaN/GaN HEMTs grown in Ga- and N-rich 
conditions and in GaN grown in NH3-rich conditions. 
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CHAPTER 5 
 
RF STRESS INDUCED DEGRADATION IN GaN HEMTs 
 
GaN HEMTs are often used as power amplifiers. The analysis of the small signal and 
large signal characteristics of the devices are of paramount importance. The Ga-rich, N-rich, and 
NH3-rich devices are first characterized in terms of their small signal and large signal 
performance parameters. Then they are subjected to RF stress and their DC and RF performances 
are compared with the pre-stress characteristics which were detailed in Chapter 3. The 
experiments were carried out at Cornell University.  
 
5.1 Experiments 
 The devices grown under Ga-rich, N-rich, and NH3-rich conditions were subjected to RF 
stress at a frequency of 10 GHz. The input power Pin was set to 3dB compression point. The 
quiescent point was set differently for the Ga-rich, N-rich, and NH3-rich cases. The quiescent 
point was chosen around the gate voltage at which peak unity gain frequency fT was obtained. 
The small signal measurements for S-parameters for fT extraction were done before and after 
stress. Load pull measurements were also done before and after stress.  
 
5.2 DC and small signal performance 
 Figs. 5.1-5.3 show the DC performance characteristics of Ga-rich devices before and 
after stress. During stress, the device was biased at VG = −4.5 V and VD = 20 V. The ID-VD, ID-VG 
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and IG-VG characteristics show that there has been minimal change in pinch-off voltage and 
saturation current after stress. However, the gate current decreases slightly after stress.  
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Fig. 5.1. ID-VD curves for a Ga-rich HEMT, before and after RF stress. 
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Fig. 5.2. IG-VG curves for a Ga-rich HEMT, before and after RF stress. 
37 
 
-7 -6 -5 -4 -3 -2 -1 0 1
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
 
 
 pre-stress
 post-stressI D
 (A
)
VG (V)
Ga-rich MBE
VDmax = 7 V
VD = -1 V
 
Fig. 5.3. ID-VG curves for a Ga-rich HEMT, before and after RF stress. 
 
 Fig. 5.4 shows the unity gain frequency fT and maximum oscillation frequency fMAX for 
Ga-rich devices before and after RF stress. Although there is a tangible degradation in fT and 
fMAX, it is not substantial (only ~2% change). 
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Fig. 5.4. fT and fMAX for a Ga-rich device. 
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 Fig. 5.5-5.7 shows the DC characteristics of a N-rich device. The device was stressed at 
VG = −1.5 V and VD = 20 V. There is a slight negative shift in pinch-off voltage after stress. The 
gate current doubles after stress.  
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Fig. 5.5. ID-VD curves for a N-rich HEMT, before and after RF stress. 
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Fig. 5.6. ID-VG curves for a N-rich HEMT, before and after RF stress. 
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Fig. 5.7. IG-VG curves for a N-rich HEMT, before and after RF stress. 
  
 Fig. 5.8 shows the peak fT and fMAX of the N-rich device. The fT and fMAX shift negatively, 
mostly due to the threshold shift. The fT degrades by ~2%, and fMAX increases by 3% after stress. 
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Fig. 5.8. fT and fMAX for a N-rich device. 
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 Fig. 5.9-5.11 shows the DC characteristics of the NH3-rich device. The device was 
stressed at a gate voltage VG = −0.6 V and VD = 20 V. Again, there is no shift in pinch-off 
voltage and saturation current, but the gate current increases substantially after stress.  
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Fig. 5.9. ID-VD curves for an NH3-rich HEMT, before and after RF stress. 
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Fig. 5.10. ID-VG curves for an NH3-rich HEMT, before and after RF stress. 
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Fig. 5.11. IG-VG curves for an NH3-rich HEMT, before and after RF stress. 
 
 Fig. 5.12 shows the fT and fmax of the NH3-rich device before and after stress. fT increases 
by 2.5%, while fMAX increases by ~5%. Thus, ammonia-rich devices show the greatest amount of 
degradation due to RF stress among the three kinds of devices studied here. 
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Fig. 5.12. fT and fMAX for an NH3-rich device. 
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5.3 DC vs. RF transconductance degradation 
 We compare the drop-off in transconductance when the HEMT is operated at high 
frequencies, before and after RF stress. In Chapter 3, we observed considerable gm drop-off when 
the transistor is operated at 10 GHz, owing to trapping behavior. In Figs. 5.13-5.15, we observe 
that the drop-off in transconductance decreases after RF stress. The decrease in peak 
transconductance when the device is operated at high frequencies from DC is lower after 
subjecting the device to RF stress than under pre-stress conditions. This behavior has not been 
reported in the previous literature. It has been seen that RF stress induces new degradation modes 
in GaN HEMTs [1]. RF stress can cause impact ionization of carriers, and lower the RF 
transconductance drop-off after stress [1,49]. The increase in gate leakage current (Figs. 5.7, 
5.11) can also be related to the impact ionization of carriers induced by RF stress. However, the 
data shown here are obtained over only two samples per device type, and further investigation 
needs to be done to understand the mechanisms responsible. 
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Fig. 5.13. gm drop-off before and after RF stress for Ga-rich device. 
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Fig. 5.14. gm drop-off before and after RF stress for N-rich device. 
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Fig. 5.15. gm drop-off before and after RF stress for NH3-rich device. 
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5.4 Large signal performance 
 Figs. 5.16-5.18 show the results of the load pull measurements, as described in Chapter 3, 
before and after stress. The quiescent drain voltage was fixed at 20 V during the large signal 
measurements. The quiescent gate voltage was −4.5 V, −1.5 V and −0.6 V for Ga-rich, N-rich, 
and NH3-rich devices, respectively. The frequency is 10 GHz. The input power Pin was swept till 
a gain compression of 4.5 dB was observed in the output power Pout. The power added efficiency 
(PAE) decreases slightly in all three cases after stress. The devices have a pre-stress PAE of ~ 
20%. Ga-rich devices show a much lower PAE of ~ 10% before stress. No apparent trapping 
phenomena were seen through hysteresis measurements, which could account for the low PAE.  
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Fig. 5.16. Load-pull measurement results on Ga-rich HEMT before and after stress. 
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Fig. 5.17. Load-pull measurement results on N-rich HEMT before and after stress. 
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Fig. 5.18. Load-pull measurement results on NH3-rich HEMT before and after stress. 
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5.5 Conclusions 
 The Ga-rich, N-rich, and NH3-rich devices show good RF reliability. The devices show 
minimal degradation after subjecting them to RF stress for more than 4 hours. The slight increase 
in leakage current, and the decrease in transconductance drop-off after RF stress indicates the 
impact ionization of carriers caused by RF stress, emphasizing that RF stress creates new 
degradation modes in GaN HEMTs compared to DC stress. 
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CHAPTER 6 
 
LOW FREQUENCY 1/f NOISE AT ROOM TEMPERATURE 
 
6.1 Introduction 
 Three mechanisms are responsible for noise in the intrinsic HEMT, which are associated 
with velocity fluctuation, gate leakage and traps. Scattering of electrons from the heterojunction, 
the lattice (phonon), and impurities cause the velocity fluctuation or diffusion noise. If the 
Einstein relation holds, as it does in most cases, this diffusion noise corresponds to thermal or 
Johnson noise [50]. Deviations occur when Einstein’s equation might not hold at high field 
conditions near saturation, when mobility is field dependent, and even if it holds, the electron 
temperature is not the same as the lattice temperature. The bandwidth of this process is 
proportional to the inverse of the scattering time. The gate leakage noise process is associated 
with electron injection into the channel over the gate Schottky barrier. This noise is ideally 
frequency independent. The noise process due to trapping of electrons in surface states (near the 
gate) and/or AlGaN/GaN interface traps (near the channel) has a 1/fα dependence [51]. In this 
work we illustrate how noise measurements can help to understand the nature of defects present 
in the AlGaN/GaN HEMT [47].  
 
6.2 Experiments 
 Low frequency 1/f noise is measured for the GaN/AlGaN HEMTs grown using MBE 
under Ga-rich, N-rich, and NH3-rich conditions, before and after stress. The noise spectrum is 
obtained using a SR760 FFT Spectrum Analyzer, across a frequency range of ~ 6 Hz to ~ 400 
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Hz. The gate voltage is adjusted so that the noise originates from the gated portion of the 
channel, as will be explained in the following section. The drain voltage is maintained at 0.02 V. 
 
Fig. 6.1 Cross-section of a GaN HEMT, showing the gated and ungated portion of the channel. 
 
6.3 Gate voltage dependence of Svd 
 The low frequency noise of HEMTs originates in both the gated (G) and ungated (U) 
portions of the channel, as shown in Fig. 6.1. The channel resistance Rtotal comprises the 
resistance of the gated and the ungated portions (access regions) [52],[53]: 
                                                                                                                                   (6.1)  
 
Here µ is the channel mobility, and nch is the carrier density. From the empirical relationship 
given in [54], we have: 
 
                                                                                                                                   (6.2) 
Here Svd is the excess drain-voltage noise power spectral density, N is the total number of carriers 
in the channel, f is the frequency, and α is an empirical factor often used to compare the noise of 
different kinds of microelectronic devices [54]. The total noise from the channel is given by: 
 
                                                                                                                                 (6.3) 
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When VG is very close to the pinch-off voltage, with only a few electrons in the channel, the 
resistance of the gated region is greater than that of the ungated region. In such conditions, when 
the noise originates in the gated region, the noise in an AlGaN/GaN HEMT is often found 
empirically to be proportional to (VG – Voff)-1 [52]-[54]: 
        
ch
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At slightly higher gate voltages, the electron density in the channel is sufficiently high that the 
resistance of the gated region is less than that of the access regions.  
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 In the results reported here, the gate voltages are in the range such that the noise power 
spectral density  (VG – Voff)-3 [52]-[54]. This ensures that the noise originates in the channel, 
where additional defects are created most efficiently by hot-electron stress. Figure 6.2 shows the 
gate voltage dependence of noise in GaN HEMTs grown under N-rich conditions. The noise was 
measured for VDS = 0.02 V; f = 10 Hz; Svd ∝(VG - Voff)-3 for 0.1 V < VG - Voff  < 1 V. 
 
Fig. 6.2. Gate voltage dependence of excess drain voltage low frequency noise in GaN HEMTs. 
The noise originates from the channel. [47] 
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6.4. Svd vs. gate leakage 
 Figs. 6.3-6.4 show the excess drain voltage power spectral density as a function of gate 
leakage in Ga-rich, N-rich, and NH3-rich HEMTs. Both pre-stress and post-stress measurements 
are shown. There is no distinct trend that separates the three kinds of devices from each other.  
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Fig. 6.3. Svd vs. leakage current for Ga-rich, N-rich, and NH3-rich devices before stress. [47] 
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Fig. 6.4. Svd vs. leakage current for Ga-rich, N-rich, and NH3-rich devices after stress. [47] 
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The noise increases with increasing leakage current after stress for all three device types, 
as shown in Fig. 6.5. The increase in noise with increasing gate leakage suggests that the traps 
contributing to noise are present in the AlGaN barrier [55]. The electric field is the highest in the 
AlGaN barrier during the stress conditions. The energy band diagram in Fig. 4.8 shows that the 
Fermi level is ~ 1 eV below Ec in the AlGaN during stress, while it is only ~0.5 eV below Ec in 
the bulk GaN. Thus, defect levels in the AlGaN that lie approximately 1 eV below Ec can 
contribute to the noise generated in the channel of these devices. However, we also cannot rule 
out a surface origin for the defects that cause the 1/f noise in these devices. Indeed, it is quite 
possible that both surface and bulk defects [56] may contribute to the noise before and/or after 
stress. 
 
 
Fig. 6.5. Excess drain-voltage low-frequency noise-power spectral density as a function of gate 
leakage, after stress. The increase in noise with increasing leakage current shows that traps 
formed in AlGaN barrier are responsible for the noise. [47] 
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6.5 Svd vs. frequency 
 Fig. 6.6 shows the comparison of post-stress noise with pre-stress noise. There is not 
much correlation between the stress-related increase or decrease of noise with the growth 
condition of the devices.  
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Fig. 6.6. Post-stress vs. pre-stress noise for Ga-rich, N-rich, and NH3-rich devices, f = 10 Hz. 
Noise measurements are performed at VG − Voff = 0.2 V, VDS = 0.02 V. 
 
 
Fig. 6.7 shows the excess drain voltage noise power spectral density as a function of 
frequency before and after stress, for devices grown under Ga-rich, N-rich, and NH3-rich 
conditions. The measurements were taken for VG − Voff = 0.2 V, and VDS = 0.02 V. The noise in 
the Ga-rich and N-rich devices typically increases slightly after stress. For some ammonia-rich 
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devices (Fig 6.7 (c)), there is an increase in noise after stress, while in others (Fig. 6.7 (d)), there 
is a decrease in post-stress noise.  
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Fig.6.7  Svd vs. frequency for (a) Ga-rich, (b) N-rich, and (c) and (d) NH3-rich HEMTs. [47] 
 
6.6 Point defects responsible for 1/f noise 
During the noise measurements, the gate voltage is varied from Voff + 0.2 V to Voff  + 0.8 
V. Ec − Ef ~ 1 eV close to pinch-off in the AlGaN barrier, and 0.5 eV in the GaN barrier. DFT 
calculations show that there are no thermodynamic transition levels related to the hydrogenated 
Ga vacancies near the Fermi level during the noise measurement. Thus, Ga vacancies, though 
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responsible for the shift in pinch-off voltage of the devices after stress [45], do not contribute 
significantly to changes in the 1/f noise magnitudes in these devices. Hydrogenated N-anti-sites 
have a transition level near the location of the Fermi level in the AlGaN barrier and the GaN 
bulk, during the noise measurements. These defects, which are responsible for the negative shift 
in the pinch-off voltage of ammonia-rich devices, also contribute to the increase in 1/f noise after 
stress.  
 Fig. 6.8 shows the formation energy of singly hydrogenated and dehydrogenated Ga-N 
divacancies in GaN and AlGaN. These defects also have a transition level close to the location of 
the Fermi level in AlGaN. The hydrogenated divacancy contributes to noise before stress. After 
stress, the hydrogen can be removed, and the dehydrogenated divacancy can still contribute to 
the noise. Bare nitrogen vacancies also have a transition level close to the Fermi level during 
noise measurements. However, the formation energy of a hydrogenated nitrogen vacancy is 
higher than the bare nitrogen vacancy [46]. The bare nitrogen vacancy can contribute to noise 
before and after stress.  
 
Fig. 6.8. Formation energy of hydrogenated Ga-N-divacancies in (a) GaN, and (b) Al0.3Ga0.7N. 
[47] 
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The decrease in noise noticed in some devices can be attributed to the dehydrogenation of 
substitutional carbon impurities at nitrogen sites. Hydrogenated C on an N site shows a change in 
charge state ~1.0 eV below the conduction band, as shown by the change of slope of the defect 
formation energy curve in Fig. 6.9. During the low-frequency noise measurements, the gate 
voltage is close to Vpinch-off, and Ef is ~1.0 eV below Ec. After hydrogen is removed during 
electrical stress by hot electrons, the substitutional C does not change its charge state near Ef 
during the measurement. Therefore, the noise can decrease after stress. So, whether the noise 
increases or decreases with stress can be a strong function of the dominant defect type present in 
the region of the channel in which defects form during hot carrier stress. 
 
 
Fig. 6.9. Formation energy of substitutional carbon in N-site as a function of Fermi energy in 
AlGaN. The dashed line shows the position of the Fermi level in the AlGaN barrier during the 
stress and during noise measurement. [57] 
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6.7 Conclusion 
Noise originating in the channel increases after stress for some devices grown under Ga-
rich, N-rich, and NH3-rich conditions, but decreases in others because of the dehydrogenation of 
different defects present in the AlGaN layer. The increase in 1/f noise with increasing leakage 
current confirms that defects in the AlGaN barrier contribute to the noise. The positive shift in 
pinch-off voltage in Ga-rich and N-rich devices after stress is caused by the dehydrogenation of 
hydrogenated Ga vacancies in the GaN bulk and the AlGaN barrier. These Ga vacancies do not 
contribute significantly to the increase in 1/f noise magnitude of the devices, because they lack a 
thermodynamic transition level close to where the Fermi level is located in the AlGaN barrier. 
The negative shift in pinch-off voltage in ammonia-rich devices is attributed to the 
dehydrogenation of hydrogenated N anti-sites in the GaN bulk and the AlGaN barrier. These 
defects have a transition level close to the Fermi level during noise measurements, and contribute 
to the increase in noise after stress. Hydrogenated Ga-N divacancies before stress, and 
dehydrogenated divacancies after stress, can contribute to the observed 1/f noise. A decrease in 
noise magnitude observed in some devices can be attributed to the dehydrogenation of 
substitutional carbon impurities present in the AlGaN barrier. 
 
 
 
 
 
 
 
57 
 
CHAPTER 7 
 
NOISE SPECTROSCOPY ON GaN HEMTs 
 
7.1 Introduction 
 Low frequency 1/f noise measurements have been used to help understand the nature of 
defects that limit the reliability of semiconductor devices [58,59]. While 1/f noise measurements 
have been performed on GaN transistors, the microstructure of the defects that lead to the noise 
is largely unknown [59,60]. In this work, we have performed 1/f noise measurements on GaN 
high-electron-mobility transistors (HEMTs) grown using molecular beam epitaxy (MBE) and 
metallorganic chemical vapor deposition (MOCVD) techniques. Temperature-dependent noise 
measurements show that nitrogen-rich devices exhibit a noise spectrum that differs from the 
noise spectrum of gallium-rich MBE-grown and MOCVD-grown devices. The noise follows the 
Dutta-Horn model [61] for all growth conditions, indicating that the noise is due to thermally 
activated random processes. Two peaks are observed in the energy distribution of the nitrogen-
rich devices, derived from the temperature dependence of the noise. One is at ~0.2 eV, and the 
other is above ~1 eV. Only the ~0.2 eV peak is observed for Ga-rich-MBE and MOCVD-grown 
devices. First-principles calculations allow us to associate the observed 0.2 eV peak with the 
reconfiguration of oxygen DX-like centers from a negatively charged to a neutral state. The peak 
above ~1 eV that is observed only under N-rich growth conditions is attributed to the −1/0 
charge state transition level and the reconfiguration energy of the nitrogen antisite.[62,46]  These 
results suggest a broad role in 1/f noise for defects that reconfigure upon charge-state change. 
[63] 
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7.2 Experiments 
 Noise measurements are performed on GaN HEMTs grown using MBE under Ga-rich, 
N-rich, and NH3-rich conditions, and grown using MOCVD. These devices have been described 
in the previous chapters. The temperature is varied from 85 K to 450 K during the measurements, 
to obtain the energy spectrum of the defects contributing to noise. Measurements were performed 
under high current and low current conditions. For the high current noise measurements, the gate 
voltage was fixed at >Voff + 1 V, VD > 0.09 V, and for the low current noise measurements, the 
gate voltage was fixed at ≤ Voff +0.2 V, VD = 0.02 V.  
The devices grown by Ga-rich, N-rich, and NH3-rich MBE and MOCVD were subjected to 
stress under high field conditions, typically at VD = 20 V, and VG slightly above the pinch-off 
voltage. Noise measurements are performed again after stress, across 85 K to 450 K. The noise is 
measured under low current conditions, at VG – Vpinch-off = 0.1 V, and VD ≤ 0.05 V, and under 
high current conditions, at VG – Vpinch-off = 1.8 V, VD = 0.15 V. 
 
7.3 Temperature-dependence and microscopic origin of pre-stress 1/f noise 
 Fig. 7.1 shows the temperature dependence of the drain current as a function of gate 
voltage for a Ga-rich MBE-grown HEMT. The pinch-off voltage does not vary significantly with 
temperature, indicating that the sheet charge density remains approximately constant over the 
range of experimental conditions employed in this study [59]. Noise originating in the channel 
follows a1/fγ dependence, as shown in Fig. 7.2, where: 
f
S
ln
ln


                                        (7.1) 
59 
 
with γ close to unity, as commonly observed for low-frequency noise in GaN/AlGaN HEMTs 
[59,60,64]. The noise power spectral density is shown at 85 K, 300 K, and 450 K. The noise 
magnitude does not depend strongly on the temperature. 
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Fig.7.1. Temperature dependence of the ID-VG curves for a Ga-rich MBE-grown HEMT. [63] 
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Fig. 7.2. Svd vs. f for a N-rich MBE-grown HEMT. [63] 
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 Fig. 7.3-7.5 show the frequency dependence of the noise power spectral density γ as a 
function of temperature for (a) N-rich, (b) Ga-rich, and (c) MOCVD-grown devices. At least 3 
devices of each kind were tested with similar responses. The frequency and temperature 
dependence of noise are related via the following equation [61]: 
0
1 ln ( , )( , ) 1 1
ln( ) ln
S TT
T
  
                    (7.2) 
This equation assumes that no new defects are created or annealed while the temperature is 
swept from 85 K to 450 K [61]. The calculated and experimental values of γ match closely, 
indicating that the noise follows the Dutta-Horn model. 
 
100 150 200 250 300 350 400 450
0.6
0.8
1.0
1.2
1.4
 
 

T (K)
 experimental
 calculated
Nitrogen-rich MBE
 
Fig. 7.3. Frequency exponent of noise power spectral density as a function of temperature for N-
rich MBE-grown devices. [63] 
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Fig. 7.4. Frequency exponent of noise power spectral density as a function of temperature for 
Ga-rich MBE-grown devices. [63] 
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Fig. 7.5. Frequency exponent of noise power spectral density as a function of temperature for 
MOCVD-grown devices.[63] 
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The agreement between the measured noise and the Dutta-Horn model implies that noise 
is associated with the thermally-activated transition between states that are distributed in energy. 
To estimate the energy scale associated with the observed noise, we consider that noise may be 
observed when electron capture or emission leads to a transition between two metastable charge 
states of a defect, separated by an activation barrier E0 [65],  where:  
)ln( 00 TkE B            (7.3) 
and τ0 is the attempt-to-escape frequency of a typical defect in the system. 
Such a transition can be facilitated by the interaction between an electron and an optical 
photon, for example [65]. The rate of electron-phonon scattering is determined by electronic 
structure and phonon dispersion. For a hot electron, the scattering process involves emission or 
absorption of an optical phonon. Both electronic structure and phonon modes can be obtained 
using density functional theory. The scattering for an electron with energies below 2 eV is 
dominated by phonon emission process resulting in electron energy loss. With a defect present in 
the system, scattering involves the phonon modes of the present defect. Fig. 7.6 illustrates typical 
electron-phonon scattering rates with and without a defect in the system .Here, a Ga-vacancy and 
a singly hydrogenated Ga-vacancy are considered. For calculating the activation energy of the 
defect reconfiguration, we consider the scattering rate to be 3×1013 s-1[66]. 1/f noise is produced 
as electrons from the GaN channel are captured or emitted by defect levels within a few kT of the 
Fermi level in the channel, which is fixed by the gate voltage at which the noise is measured. 
In Fig. 7.3, the increase in γ with increasing temperature suggests that electrons from the 
channel can interact with defects in the AlGaN barrier after thermal emission over the energy 
barrier between the GaN channel and the AlGaN barrier layer. On the other hand, the relatively 
63 
 
weak dependence of γ on temperature in Fig. 7.4 may indicate that the electrons are tunneling 
into defects in the AlGaN barrier [67], which is a temperature-independent process. 
 
Fig. 7.6. Scattering rate of an electron is dominated by an emission of the optical phonon from a 
typical defect in a GaN crystal. The scattering rates correspond to phonon frequency of f=360 
meV and f=425meV for singly and doubly hydrogenated Ga vacancy (VGa) respectively. [66] 
 
 
Since the noise follows the Dutta-Horn model, the activation energy distribution of 
defects contributing to noise in the device can be estimated as [61]: 
),()( 0 TSTk
ED
B

                 (7.4) 
Fig. 7.7 shows the noise power spectral density, equivalent to the activation energy distribution, 
as a function of temperature. The noise was measured at VG – Voff = 2.3 V, VD = 0.15 V for the 
N-rich device, VG – Voff = 1.8 V, VD = 0.15 V for the Ga-rich device, and VG – Voff = 1.9 V, VD = 
0.09 V for the MOCVD-grown device, so that the noise originates from the gated portion of the 
channel. The Hooge parameter α can be calculated for these devices as follows: [54] 
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f d 
2
2                             (7.5) 
where Lungated is the length of the access regions in the HEMT, Rungated is the resistance of the 
ungated regions, since under the given voltage conditions Rungated >> Rgate; μ is the mobility in the 
channel region. α ≈ 10-5 (Rungated ≈ 24 Ω)for Ga-rich device, 7×10-5 (Rungated ≈ 55 Ω) for the N-
rich device and 6×10-5 (Rungated ≈ 21 Ω) for the MOCVD-grown device. At least 3 devices of 
each kind exhibited similar noise spectra, as shown in Fig. 7.7. The top x-axis corresponds to the 
activation energy scale calculated using (7.3). Two kinds of noise profiles are observed in the 
HEMTs. All devices show a peak at low temperature, at ~ 100 K, which corresponds to an 
activation energy of 0.2 eV.  
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Fig. 7.7. Noise vs. temperature for N-rich and Ga-rich MBE and MOCVD-grown devices. f = 10 
Hz. [63] 
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To understand the likely origin of the low-temperature peak in the noise, Fig. 7.8 shows 
the results of DFT calculations of defects in ternary alloy Al0.30Ga0.70N. Thermal excitation of an 
ON-1 DX center can lead to physical reconfiguration of the defect and emission of an electron to 
the AlGaN conduction band, which convert the negatively charged DX center into a neutral ON.  
 
Fig. 7.8. Defect energy of substitutional O in AlGaN as a function of the distance from the ideal 
lattice site, showing the existence of a DX configuration. Black squares represent transition 
points between the charge states of ON during the electron emission. The dashed line shows that 
the energy barrier to emit one electron from a negatively charged O DX center is ~0.25 eV. The 
inset schematically illustrates the capture of one electron by the positively charged oxygen ON+1, 
which involves thermally excited tunneling (red arrow) of an electron from GaN Fermi level to 
the empty level of ON+1 defect in AlGaN. The energy level drops significantly in energy upon 
capture of two electrons. [63] 
 
 
Further release of an electron results in a positively charged ON+1. This result is consistent 
with calculations of the configuration energy of an oxygen DX center in AlN and GaN by 
McCluskey, et al. [68]. The crossover point of the energy curve of O-1 with that of O0 shows that 
the energy barrier for this thermal excitation is ~0.25 eV. The further emission of an electron 
from O0, resulting in ON+1, has essentially no energy barrier. The capture of one electron by ON+1 
has an energy barrier of ~0.3 eV at the AlGaN/GaN interface, as shown in the inset of Fig. 7.8. 
This process involves an electron that is thermally excited from the Fermi level in the GaN and 
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tunnels to the empty level of the O+1 defect, which is ~0.1 eV below the AlGaN conduction 
band. The second electron capture has an energy barrier of ~0.35 eV, involving a thermally 
excited electron tunneling to the unfilled level of O0, which is ~0.05 eV below the AlGaN 
conduction band. The subsequent structural relaxation will result in a ON-1 DX center. A 
qualitatively similar process of O defect reconfiguration also contributes to noise in Si 
MOSFETs [65]. 
Nitrogen-rich devices exhibit a second noise peak at temperatures well above 300 K, 
which cannot be completely observed in Fig. 7.7. The temperature of the noise system could not 
be increased beyond 450 K, owing to limitations of the device packaging materials and the 
measurement system. The second peak, which is greater than 1 eV, evidently corresponds to the 
transition between negative and neutral charge states of nitrogen antisite defects [62]. The results 
indicate the dominance of a different kind of defect under nitrogen-rich growth conditions, as 
opposed to Ga-rich or ammonia-rich growth, confirming earlier conclusions [46]. At 
intermediate temperatures where the defect energy distribution is largely featureless, a broad 
range of energy levels associated with hydrogenated N antisites, Ga-N divacancies, and C 
impurity defects dominate the noise [47]. 
 
7.4 Noise spectroscopy under low current conditions 
 On biasing the devices extremely close to pinch-off, at VG − Voff = 0.1 V, with drain 
voltage less than 0.05 V, the noise does not obey the Dutta-Horn formalism, as shown in Figs. 
7.9(a)-(c). Fig. 7.9(a)-(c) show the experimental and calculated values of the frequency exponent 
of the noise, γ, for devices grown using Ga-rich and N-rich MBE and with MOCVD. Because the 
devices are biased close to pinch-off, the resistance of the ungated portion of the channel is much 
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lower than that of the gated part, Rungated << Rgate. The Hooge parameter α can be calculated for 
these devices as follows [54]: 
gate
gate
D
V
Rq
L
V
S
f d 
2
2       (7.6) 
Thus, for the Ga-rich device, α ≈ 2.5×10-3 (Rgate ≈ 460 Ω); for the N-rich device, α ≈ 1.6×10-2 
(Rgate ≈ 576Ω), and for the MOCVD-grown device α ≈ 2.3×10-3 (Rgate ≈ 680 Ω).  
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Fig. 7.9. Calculated and experimental γ, and noise power spectral density as a function of 
temperature for (a) Ga-rich MBE-grown, (b) N-rich MBE-grown, and (c) MOCVD-grown 
devices. f = 10 Hz. 
 
 
There is no matching between the calculated and observed values of γ. The resistance of 
the complete channel is more than an order of magnitude higher during the low current 
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conditions than during the high current conditions used in this work. The effect of the 
temperature dependence of scattering mechanisms can be higher under the low current 
conditions, than during the high current conditions, causing the devices to disobey the Dutta-
Horn model under the low current conditions of noise measurement. The Hooge parameters 
calculated for the voltage conditions where noise is measured are two orders of magnitude higher 
than the Hooge parameters calculated for the noise measurement at high current conditions. 
Also, the noise at 85 K is more than an order of magnitude higher than the noise at 450 K. Fig. 
7.10 shows the noise as a function of temperature for the three kinds of devices, showing similar 
noise magnitudes for the three kinds. 
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Fig. 7.10. Noise vs. temperature for Ga-rich, N-rich and MOCVD-grown samples. Noise was 
measured for Ga-rich and N-rich MBE-grown devices at VG-Voff = 0.1 V, VD = 0.02 V, and for 
MOCVD-grown device at VG-Voff = 0.1 V, VD = 0.05 V. 
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7.5 Post-stress noise measurements 
We observed in Chapter V that some devices show a decrease in noise after stress, while 
some devices show an increase. Fig. 7.11 shows the decrease in noise across the entire 
temperature range, for two Ga-rich devices showing a positive pinch-off voltage shift of 0.1 V. 
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Fig. 7.11. Noise as a function of temperature for two Ga-rich MBE-grown devices; f = 10 Hz. 
Noise decreases after stress. Noise is measured at VG – Voff = 0.1 V, and for (a) VD = 0.05 V, for 
(b) VD = 0.02 V. 
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Fig. 7.12 shows the comparison of the observed and calculated value of the frequency 
exponent, before and after stress. The theory described in Section 7.3 is used here for the 
calculation of the frequency exponent γ. The calculated and observed values of γ do not match, 
indicating that the noise does not follow the Dutta-Horn model. The Hooge parameter α is 
calculated using equation (7.6), for the device in 7.12(a) as 5.9×10-3 (Rgate ≈ 432 Ω), and for the 
device in 7.12(b) as 7.9×10-3 (Rgate ≈ 206 Ω).  
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Fig. 7.12. Comparison of calculated and observed values of frequency exponent γ of 1/fγ noise, as 
a function of temperature for two different Ga-rich MBE-grown devices. 
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Fig. 7.13 shows the noise spectrum, before and after stress of an MOCVD-grown samples 
which show a negative shift in pinch-off after stress. This device undergoes a pinch-off voltage 
shift of -0.1 V after stress. The post-stress noise is greater than the pre-stress noise across the 
entire temperature range of 85 K to 450 K.  
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Fig. 7.13. Noise before and after stress as a function of temperature for an MOCVD-grown 
device; f= 10 Hz. After stress ΔVpinch-off = −0.1 V. Noise is measured at VG – Voff = 0.1 V, VD = 
0.05 V. 
 
 
 Fig. 7.14 shows the comparison of the calculated and experimental value of γ, both before 
and after stress. The Hooge paramater, using equation (7.6) is calculated to be 2×10-3 (Rgate ≈ 390 
Ω) for this device. The calculated and observed values do not match, showing that the noise, 
again, does not follow the Dutta-Horn formalism, possibly due to a temperature-dependence of 
72 
 
the effect of the transition between two energy states of the defect on the resistance of the 
channel [69]. 
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Fig. 7.14. γ vs. T, (a) before stress, and (b) after stress, for a MOCVD-grown device. Both 
experimental and calculated values are shown. 
 
 
Fig. 7.15 shows the noise spectrum before and after stress of an ammonia-rich MBE-
grown sample. This device shows a pinch-off voltage shift of −1.1 V after stress. The noise is 
seen to increase after stress. 
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Fig. 7.15. Noise before and after stress as a function of temperature for an NH3-rich MBE-grown 
device;  f = 10 Hz. After stress ΔVpinch-off  = −1.1 V. The noise is measured at VG – Voff = 0.1 V, 
VD = 0.05 V. 
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 Fig. 7.16 shows the dependence of the frequency exponent of 1/f noise γ, before and after 
stress. The calculated value of γ matches with the experimentally observed values, for at least the 
lower temperatures (T < 300 K). Hence, the energy scale calculated in Section 7.3 can be used 
for this device. A peak is observed at ~ 0.2 eV, for both the pre-stress and post-stress energy 
distributions. The Hooge parameter α ≈ 7×10-3, using equation (7.6). 
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Fig. 7.16. γ vs. T, (a) before stress, and (b) after stress, for NH3-rich MBE-grown device. Both 
experimental and calculated values are shown. 
 
Fig. 7.17 shows the pre-stress and post-stress noise for an N-rich MBE-grown device 
under high current conditions for the noise measurement. This device undergoes a negative shift 
of 0.3 V in pinch-off voltage after stress. The pre-stress noise is lower than the post-stress noise 
across the entire temperature range of 85 K to 450 K. Fig. 7.18 shows the comparison of the 
calculated and experimentally observed γ values as a function of temperature, before and after 
stress. For the high current conditions during the noise measurements, as seen in Section 7.3, the 
Dutta-Horn model is explicitly followed. Hence, the defect energy distribution in the N-rich 
device can be obtained before and after stress, as shown in Fig. 7.17. The Hooge parameter α ≈ 
2×10-5 for this device, calculated using equation (7.5). 
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Fig. 7.17. Noise before and after stress as a function of temperature for an N-rich MBE-grown 
device; f = 10 Hz. After stress ΔVpinch-off  = −0.3 V. The noise is measured at VG – Voff = 1.8 V, VD 
= 0.15 V. 
 
 
(a)
100 200 300 400
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5
 
 

T (K)
 pre-stress experimental
 pre-stress calculated N23
N-rich MBE
(b)
100 200 300 400
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5
 
 

T (K)
 post-stress experimental
 post-stress calculated N23
 
Fig. 7.18. γ vs. T, (a) before stress, and (b) after stress, for a N-rich MBE-grown device. Both 
experimental and calculated values are shown. 
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 Whether an increase or a decrease is observed in the post-stress noise as compared to the 
pre-stress noise, the spectrum across the temperature range of 85 K to 450 K does not vary much 
in shape. Figs. 7.11, 7.13, 7.15 and 7.17 illustrate this point. Specifically, a peak is observed in 
the noise spectrum at ~ 100 K, which converts to 0.2 eV on the energy scale, if the noise follows 
the Dutta-Horn model. Since the shape of the noise spectrum does not alter with stress, it means 
that no new kinds of defects are created by stress, while defects which were contributing to noise 
before stress are increasing in number after stress. As we have seen in Chapter IV and VI, Ga-
vacancies which contribute to a positive shift in pinch-off voltage, do not contribute to noise, and 
hence will not change the shape of the energy distribution. The noise decreases in both Ga-rich 
devices shown here, possibly due to the dehydrogenation of CN-impurities, which stop 
contributing to noise, and do not affect the pinch-off voltage. N-antisites, which cause a negative 
shift in pinch-off voltage upon dehydrogenation, also causes an increase in noise after stress, as 
has been seen in Figs. 7.13, 7.15 and 7.17. 
 
7.6 Conclusions 
In this chapter, we show the defect energy spectrum of GaN HEMTs grown under Ga-
rich, N-rich, and NH3-rich conditions. Ga-rich and NH3-rich devices have similar defect energy 
spectra. All devices show a peak in defect activation energy at 0.2 eV, which corresponds to the 
reconfiguration energy of O DX center in AlGaN. A second peak is observed in N-rich samples 
at > 1 eV, which corresponds to the reconfiguration of a nitrogen antisite. When noise 
measurements are done very close to pinch-off, at VG-Voff = 0.1 V, the noise does not follow the 
Dutta-Horn formalism. This could be because of temperature dependence of scattering 
mechanisms, which affect the resistance of channel under low current conditions more than 
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during the high current conditions. We recommend that noise measurements be done in GaN 
HEMTs at VG-Voff > 1 V, for obtaining meaningful data about defect configuration energies. 
In some devices, the noise increases with stress, while in others, it decreases. The noise 
spectrum does not change its shape with stress, indicating that no new kinds of defects are 
created by hot electrons produced during the stress. The noise spectrum invariably peaks at 
temperatures at or below ~ 100 K, which can be converted to an energy of 0.2 eV, if the noise 
follows Dutta-Horn model. It is observed that the pre-stress and post-stress noise follows the 
Dutta-Horn model when noise is measured under the high current conditions described in the 
chapter. The noise might not follow the Dutta-Horn model if measured under the low current 
conditions described. 
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CHAPTER 8 
 
 PROTON-INDUCED DEGRADATION IN GaN HEMTs 
 
8.1 Introduction 
 Most previous studies of proton-induced degradation of GaN HEMTs suggest significant 
radiation tolerance. In one experiment, the dc current and transconductance degraded by 60% 
and 70%, respectively, for a 1.8 MeV proton fluence of 1014 p+/cm2 [67], which is a fluence that 
is higher than that experienced in all but the most extreme space systems. For some GaN 
HEMTs, minimal changes in dc characteristics were reported after irradiation with 1.8 MeV 
protons to a fluence of 1014 cm-2 [70]-[72]. In this work, GaN HEMTs grown using MOCVD and 
MBE under Ga-rich, N-rich, and NH3-rich conditions were irradiated with 1.8 MeV protons. 
[64,73]  
 
8.2 Experimental results 
8.2.1 DC characteristics 
 The ID-VG characteristics of HEMTs grown using Ga-rich and N-rich MBE and MOCVD 
are shown in Fig. 8.1, before and after irradiation. While the Ga-rich and N-rich devices show 
positive shifts in pinch-off voltage and degradation in saturation current up to a fluence of 1014 
cm-2, the MOCVD-grown devices show very little change in current and pinch-off voltage. The 
positive shift in pinch-off voltage with increasing fluence for the devices indicates the creation of 
acceptor-like traps. Previous reports show that the defects causing the degradation are created in 
the AlGaN barrier. The reduction in saturation current results from mobility degradation [74,75].  
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Fig. 8.1. ID-VG curves for devices grown using (a) Ga-rich, (b) N-rich MBE, and (c) MOCVD, 
before and after irradiation. The transfer characteristics after annealing for several weeks at room 
temperature are also shown in (a) for the Ga-rich devices. [64] 
 
 Fig. 8.2 shows the IG-VG characteristics of the Ga-rich, N-rich, and MOCVD-grown 
devices before and after irradiation. The gate leakage increases with increasing fluence. This is 
because of the reduction of the Schottky barrier height [72], and the creation of traps in the 
AlGaN barrier contributing to leakage paths. Figs. 8.1(a) and 8.2(a) show that the defects created 
by proton bombardment cause permanent degradation of the GaN HEMTs. After several weeks 
of room temperature annealing following proton irradiation of 1014 cm-2, no change in drain, or 
gate current is seen in the Ga-rich devices. Annealing trends are similar in the other devices. 
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Fig.8.2. IG-VG curves for devices grown using (a) Ga-rich MBE, (b) N-rich MBE, and (c) 
MOCVD, before and after irradiation.[64] 
  
Fig. 8.3(a) shows that that proton-irradiated Ga-rich and N-rich devices show positive 
shifts in threshold voltage, as do MOCVD and NH3-rich MBE devices, which show smaller 
changes in threshold voltage. Figs. 8.3(b)-(c) show the device-to-device variability of the 
threshold voltage shift in Ga-rich MBE and ammonia-rich MOCVD devices in greater detail. Ga-
rich MBE devices show significantly larger shifts than the ammonia-rich MOCVD devices, 
while the variability is generally within 0.2 V in both groups of devices. 
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Fig. 8.3. (a) ΔVpinch-off is shown as a function of 1.8 MeV proton fluence for devices grown by 
MBE under N-, Ga-rich, and NH3-rich conditions, and by MOCVD. Device to device variation 
in pinch-off voltage shift as a function of proton fluence for devices grown by (b) Ga-rich MBE, 
and (c) MOCVD. [73] 
 
8.2.2 Svd vs frequency 
  Fig. 8.4 shows the 1/f noise as a function of frequency for VG = Voff + 0.1 V, VD = 20 mV, 
and f = 10 Hz. The Ga-rich, N-rich, and NH3-rich devices all show an increase in noise as they 
are irradiated with protons up to a fluence of 7×1013 cm-2. Proton bombardment leads to 
displacement damage in GaN and AlGaN, which creates new defects in these layers. The noise is 
most sensitive to defects in the AlGaN. The increase in noise with increasing proton fluence 
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suggests that new defect levels are being created close to the Fermi level during noise 
measurement [76,78]. 
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Fig. 8.4. Svd vs. frequency before and after irradiation for (a) Ga-rich MBE, (b) N-rich MBE, and 
(c) MOCVD-grown devices. [62] 
 
 Fig. 8.5 shows the gate voltage dependence of the excess drain-voltage noise power 
spectral density, Svd, before and after irradiation. The noise increases with increasing proton 
fluence for all gate voltages, in all three kinds of devices. In all measurements, before and after 
irradiation, Svd is proportional to (VG – Voff)-1 at voltages close to pinch-off and (VG – Voff)-3 as the 
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voltage increases in magnitude, showing that in all cases the noise is coming from the channel 
region.  
(a)  (b)  
(c)  
Fig. 8.5. Gate voltage dependence of Svd before and after irradiation for (a) Ga-rich, (b) N-rich, 
and (c) MOCVD-grown devices. [64] 
 
 Hooge’s parameter α can be calculated for the devices before and after irradiation, 
according to the relation [54]: 
gate
gate
d
vd
gate Rq
L
V
Sf 
2
2
                                                                (8.1) 
where Rgate >> Rungated, when VG = Vpinch-off + 0.1 V. For the typical Ga-rich, N-rich, and NH3-rich 
devices tested, the resistance of the gated region at VG = Vpinch-off + 0.1 V is ~ 250 Ω, LG = 0.7 
83 
 
µm, and VD = 0.02 V. Using Svd at f = 10 Hz, the cumulative average Hooge parameters for all 
three kinds of devices is ~ 0.01 before radiation and ~ 0.08 after irradiation. These values are 
consistent with a broad range of experience on compound semiconductor devices subjected to 
defect-creating stresses (e.g., hot carriers) [53-55]. However, we note that the changes in device 
characteristics and low frequency noise in these devices are larger and more uniformly 
increasing with irradiation than those we observe after hot-carrier stress [45], in which modest 
electrical stress sometimes leads to an increase in noise, and at other times leads to a decrease in 
noise. Hydrogenation or de-hydrogenation of pre-existing defect sites (e.g., N-anti-site defects, C 
impurities) can account for some of these changes in the noise with hot carrier stress [45]. But 
these defects do not have energy levels and charge states that are consistent with the larger 
increases of noise observed in these proton irradiations. 
 
8.2.3. Svd vs. temperature 
 Low frequency 1/f noise was measured before and after irradiation at VG – Vth = 2.4 V, VD 
= 0.15 V, for the Ga-rich MBE devices, and VG – Vth = 2.7 V, VD = 0.08 V, for NH3-rich 
MOCVD devices. The gate voltage dependence of the noise power spectral density was verified 
to be (VG – Vth)-3 for the devices investigated here, ensuring that the noise originates in the gated 
portion of the channel [64]. The noise was measured at temperatures from T = 85 K to T = 450 
K. 
The defect energy can be parameterized as a function of temperature, through the 
equation E0 = −kBT ln(ωτ0) [61,65], where τ0 = 3×10-14 s, corresponding to the scattering rate of 
an electron off an optical phonon in the presence of typical defects present in GaN bulk [63]. 
Fig. 8.6(a) shows the noise spectrum at 85 K before and after irradiation with a fluence of 
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1014 p+/cm2. Figs. 8.6-8.7 show Svd /Vd2×f/T as a function of temperature for Ga-rich MBE and 
NH3-rich MOCVD devices before and after proton irradiation, for f = 10 Hz; Svd is the excess 
drain-voltage noise power spectral density.  
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Fig. 8.6. (a) Svd vs f,  and (b) Svd/ Vd2×f/T vs. T  for a Ga-rich MBE device before and after 1.8 
MeV proton irradiation; the fluence is 11014 cm-2.[73] 
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Fig. 8.7. Svd/ Vd2×f/T vs. T for a N-rich MOCVD device before and after 1.8 MeV proton 
irradiation; the fluence is 11014 cm-2.[73] 
 
The noise increases after irradiation, but the defect configuration energy profile looks 
similar after irradiation to that observed before irradiation. This indicates that proton irradiation 
primarily creates new defects of the type that dominate the pre-irradiation noise. Considering the 
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differences in effective gate voltage and drain voltage during noise measurement, the ratio 
between the noise magnitude in the Ga-rich device and the MOCVD device should be as follows, 
in the absence of any difference in defect densities: 
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The noise magnitude of the MOCVD device in Fig. 8.7 is much lower than for the Ga-
rich MBE device in Fig. 8.6 over most of the temperature range, even after considering the 
differences in measurement voltages, indicating a significantly lower defect density for these 
MOCVD devices [61,64-65]. We note earlier that Ga-rich MBE devices show lower noise than 
N-rich and NH3 rich MBE devices, so the MOCVD devices show the least noise of the four types 
of devices evaluated in this work. 
 
8.3 Discussion 
 We now consider what kinds of defects may lead to the increase in noise with proton 
irradiation. The Fermi level in the AlGaN barrier of these devices is ~ Ec – 1.2 eV at pinch-off 
[45]. Fig. 8.8 shows the formation energy of nitrogen vacancies and Ga-N divacancies as a 
function of the position of the Fermi energy, calculated using density functional theory. After 
irradiation, nitrogen vacancies and divacancies can be created by protons by the displacement of 
atoms in GaN and AlGaN. These defects are negatively charged, acceptor-like traps, which cause 
the positive shift in pinch-off voltage, as seen in Fig. 8.8. When the noise is measured between 
VG = Vpinch-off + 0.05 V to Vpinch-off + 1 V, the Fermi level is at ~ Ec – 1.2 eV in the AlGaN barrier. 
At this position, there are changes in charge states associated with nitrogen vacancies and Ga-N 
divacancies. The charge state change for N vacancies is from −1 to −3 and for Ga-N divacancies 
is from −2 to −3. Hence, these defects can take part in electron capture and release, causing the 
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noise to increase after irradiation. Ga vacancies, which do not have a transition level close to the 
location of the Fermi level, cannot contribute to the noise of these devices.  
 
 
Fig. 8.8. Formation energy of (a) Ga-N divacancies and (b) N vacancies as a function of the 
position of the Fermi level in the band gap of  Al0.3Ga0.7N. [64] 
 
 
The initial concentration of the defects in GaN depends on the growth conditions. The 
presence of the initial defects enhances the probability of creating a stable defect due to the lower 
threshold displacement energy.  A low-energy recoil can lead to a modification of a pre-existing 
defect, changing its charge state, resulting in creation of an additional acceptor. This causes a 
decrease in saturation drain current and a threshold voltage shift, as shown in Fig. 8.1. Higher 
energy recoils displace crystal atoms, creating an isolated defect, and/or resulting in the end-of-
ion track clusters [78]. We showed that N vacancies may be responsible for an increase of 1/f 
noise in GaN/AlGaN HEMTs built in MBE material [64]. However, the recoil energy necessary 
for creating N vacancies is even higher than that required for Ga vacancies. On the other hand, 
the defect clusters typically have a high concentration of vacancies and vacancy complexes [79]. 
The concentration of such defects is statistically higher in the case of higher particle fluences. 
Assuming that the number of defects in clusters is proportional to the fluence, the concentration 
87 
 
of subsequently modified vacancies will have a non-linear dependence on the particle fluence. 
Therefore, the interaction of protons with atoms within defect complexes created by irradiation 
may contribute to the variability in the damage threshold and nonlinearities in the high fluence 
regime of the proton irradiation. 
To illustrate this process in GaN/AlGaN HEMTs, we  start with a Ga vacancy VGa with 
four neighboring N atoms, which after the recoil can produce a neutral Ni and divacancy. The 
resulting neutral Ni will capture an electron, leading to additional acceptors, and consequently, to 
a positive shift in the threshold voltage, as shown below: 
3 -3
Ga Ga N i
1
i i
[V ]  [V V  ] N
N N .


  
                                 (8.2)
 
This is shown in Fig. 7.3, and similar to the previously observed electrical degradation in 
AlGaN/GaN HEMTs, where dehydrogenation of Ga vacancies is proposed to cause the positive 
threshold shift [45]. The concentration of VGa is largest in the case of N-rich devices, where the 
observed post-irradiation shift is also the largest. 
The N atom recoil at an antisite defect produces Ni and VGa, which subsequently capture 
three electrons, two by VGa and one by Ni.  
Ga Ga i
3
Ga Ga
[N ] [V  ]  N
[V  ] [V  ] .
 
 
 
                                           (8.3)
 
These additional acceptors cause the threshold to shift in the positive direction, unlike the case of 
electron-stress induced degradation, where antisite dehydrogenation leads to a negative threshold 
shift [45]. There is only one atom, namely the NGa, which is prone to low-energy recoil 
displacement; therefore, the probability of energy transfer to NGa is four times smaller than in the 
case of VGa. This implies a smaller threshold voltage shift, consistent with the results of Fig. 8.2. 
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We note that proton beams can also remove H from hydrogenated defects either directly 
or via beam-generated hot electrons, through a process similar to that described in [45] for 
electrical stress. This effect, however, would cause a threshold shift that is opposite to what is 
observed in the NH3-rich MBE and MOCVD devices. This demonstrates that dehydrogenation 
plays at most a secondary role in the nonlinear portion of the proton-beam degradation, 
compared with N displacements at defects. 
While there is no change in charge state near the conduction band for VGa, the divacancy 
has a −2 to −3 charge-state change, as shown in Fig. 9, contributing to the 1/f noise [64]. 
Therefore, displacement damage that results in the transformation of a VGa to a Ga-N divacancy 
can cause positive shifts in threshold voltage and contribute to the increase in the 1/f noise 
magnitude. This reinforces the significance of Ga-N divacancy defects in proton-irradiated 
GaN/AlGaN HEMTs. 
 
8.4 Summary and Conclusions 
 We have characterized the radiation response of GaN/AlGaN HEMTs up to a 1.8-MeV 
proton fluence of 1014 cm-2. Devices grown under ammonia-rich MBE are more susceptible to 
proton-induced degradation, as compared to devices grown under Ga-rich and N-rich MBE. The 
nature of the degradation of these devices by proton irradiation is different from the degradation 
caused by hot-electron-stress. While hot-electron-stress causes a positive shift in pinch-off 
voltage in Ga-rich and N-rich devices, and causes a negative shift in pinch-off voltage for 
ammonia-rich devices, proton irradiation causes positive shifts in pinch-off voltage for all three 
kinds of devices. The 1/f noise increases with increasing proton fluence up to 7 × 1013 cm-2. Ga-
89 
 
N divacancies, which are acceptor-like in nature, are created by proton irradiation, and evidently 
are responsible for much of the increase in noise for the irradiated devices.  
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CHAPTER 9 
 
CONCLUSIONS 
 
 We have performed reliability experiments on GaN HEMTs grown by both MBE and 
MOCVD. The MBE-grown HEMTs were grown under three different conditions – Ga-rich, N-
rich, and NH3-rich. Thus, we were able to study the defects which dominate under a particular 
growth condition. We have used low frequency 1/f noise as a diagnostic tool to have further 
insight into the defects. Density functional theory calculations for formation energy of defects 
present in the GaN and AlGaN crystal help us correlate the degradation observed experimentally 
with the defects that might be responsible for the degradation. Our methodology involves 
subjecting devices to stress for a period of time, measuring the electrical characteristics and 1/f 
noise of the devices before and after stress, and using density functional theory calculations to 
identify the defects responsible for the electrical degradation of the devices. We have subjected 
the GaN HEMTs to DC stress under high field conditions, RF stress, and radiation stress using 
1.8 MeV protons.  
When GaN HEMTs grown using Ga-rich, N-rich, and NH3-rich MBE and MOCVD are 
subjected to DC stress, with high field under the gate, Ga-rich and N-rich devices show a 
positive shift in pinch-off voltage, while the NH3-rich MBE-grown and MOCVD-grown devices 
show a negative shift. Hot electrons during the high-field stress do not have enough energy to 
create new defects, but can change the charge state of the pre-existing defects. Since hydrogen 
easily permeates into the material system during fabrication, the native defects present in the 
system can become hydrogenated, owing to the low formation energy of the hydrogenated 
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counterparts of the native defects. Hot electrons can easily remove a hydrogen atom from these 
defects, resulting in a dehydrogenated defect with a different charge state. Hydrogenated Ga-
vacancies present under Ga-rich and N-rich conditions can get dehydrogenated, to form a more 
negative defect than the pre-existing one. This causes a positive shift in pinch-off voltage 
observed in Ga-rich and N-rich devices. On the other hand, the dehydrogenation of N-antisites 
results in a charge state change of “0” from “−1”. Thus, NH3-rich devices show a negative shift 
in pinch-off voltage, and so do MOCVD-grown devices. Since MOCVD involves ammonia, 
MOCVD-grown devices have defects similar to NH3-rich MBE-grown devices. 
RF stress results on GaN HEMTs indicate that the devices are robust, and not more than 
5% change in small signal parameters is obtained after 4 hours of stress. There is a substantial 
drop-off of transconductance as the device is operated at high frequencies from DC, indicating a 
lot of traps to be present in the device. However, after RF stress, the gm drop-off is seen to 
decrease. 
 Low frequency 1/f noise measurements performed before and after DC stress show that 
some devices exhibit a post-stress decrease in noise, while others show an increase. The change 
in noise after stress does not show much correlation with the growth conditions of the HEMTs. 
The increase in leakage current with increasing noise after stress indicates that defects, created in 
the AlGaN barrier during the stress, contributes to the noise. We can identify the defects 
contributing to 1/f noise using density functional theory calculation results. The position in the 
band gap, where a change in charge state of the defect occurs, corresponds to a trap level. If this 
trap level is located within a few kT of the Fermi level location during the noise measurement, 
the defect should contribute to the noise. We find that Ga-vacancies do not contribute to noise. 
The hydrogenated N-antisite does not have a trap level close to the position of the Fermi level 
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during the noise measurement, but when dehydrogenated, shows a change in charge state close to 
the position of the Fermi level. Thus, this defect can cause an increase in noise after stress. 
Hydrogenated carbon impurities in N-site does show a change in charge state close the EF 
location before stress. After stress, the dehydrogenated carbon impurity does not show a trap 
level close to EF, which evidently accounts for the decrease in noise seen in some devices. 
 We have also shown that noise in GaN HEMTs conforms with the Dutta-Horn noise 
model when the noise is measured at gate voltages away from the pinch-off voltage so that the 
resistance of the gated portion of the channel is lower than the resistance of the ungated portion, 
but making sure that the noise still originates from the gated portion of the channel. Thus, the 
noise spectrum obtained as a function of temperature gives the distribution of the activation 
energy of processes that contribute to the noise. As electrons are captured or emitted by two 
metastable states of a defect, which may be only slightly separated in energy, noise is produced. 
The transition between the two states of the defect is facilitated by an electron-phonon 
interaction in the presence of the defect. We calculate a scattering rate of 3×1013 s-1 for an 
electron scattering off an optical phonon in the presence of Ga-vacancies. The activation energy 
distribution of the defects which contribute to noise can be calculated using the scattering rate 
and the temperature at which noise is measured. We observe a prominent peak in the defect 
energy distribution at 0.2 eV for all kinds of devices. This peak is shown to correspond to the 
reconfiguration of an oxygen DX center in AlGaN. A second peak at > 1 eV is observed in N-
rich devices. This peak corresponds to the reconfiguration of an N-antisite. The defect energy 
distribution does not change its shape after DC stress, indicating that no new defects are created 
during the stress. 
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 We have evaluated the 1.8-MeV-proton-induced degradation in the four kinds of 
HEMTs. All devices show a positive shift in pinch-off voltage after stress. Ga-N divacancies are 
created by protons, which cause the noise to increase after stress, and also cause the positive shift 
in pinch-off. There are a larger number of divacancies in Ga-rich devices, causing a higher 
positive shift in these devices compared to ammonia-rich and MOCVD-grown devices. 
 Thus, we have used DC stress, RF stress, and radiation stress to understand the 
mechanisms that cause degradation of GaN/AlGaN HEMTs. The defects that limit the reliability 
of these devices have been identified using low frequency 1/f noise and density functional theory 
calculations. 
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